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The Effect of Inhomogeneous
Compression on Water Transport
in the Cathode of a Proton
Exchange Membrane Fuel Cell
A three-dimensional, multicomponent, two-fluid model developed in the commercial CFD
package CFX 13 (ANSYS Inc.) is used to investigate the effect of porous media compres-
sion on water transport in a proton exchange membrane fuel cell (PEMFC). The PEMFC
model only consist of the cathode channel, gas diffusion layer, microporous layer, and
catalyst layer, excluding the membrane and anode. In the porous media liquid water
transport is described by the capillary pressure gradient, momentum loss via the Darcy-
Forchheimer equation, and mass transfer between phases by a nonequilibrium phase
change model. Furthermore, the presence of irreducible liquid water is taken into
account. In order to account for compression, porous media morphology variations are
specified based on the gas diffusion layer (GDL) through-plane strain and intrusion
which are stated as a function of compression. These morphology variations affect gas
and liquid water transport, and hence liquid water distribution and the risk of blocking
active sites. Hence, water transport is studied under GDL compression in order to inves-
tigate the qualitative effects. Two simulation cases are compared; one with and one with-
out compression. [DOI: 10.1115/1.4006475]
1 Introduction
To evolve the area of PEM fuel cell (PEMFC) and bring it to a
commercial level, a better understanding of basic interactions is
needed to improve PEMFC durability and operation. A generic
problem in PEMFC is water management, which affects both the
cell performance and degradation. Too little water dries out the
FC electrolyte membrane and hinders proton conduction; whereas
too much water hinders transport of oxygen and fuel. While many
studies on water transport and water management assume homo-
geneous gas diffusion layer (GDL) properties [1–5], a heterogene-
ous structure is typically seen due to compression. Under the land
the GDL is fairly uniformly compressed but at the channel com-
pression is nonuniform due to GDL intrusion. As a consequence
mass transport increases towards the middle of the channel caused
by a higher porosity and permeability.
A general review of GDL properties and the effect of compres-
sion on these can be found in Ref. [6]. A few recent modeling
efforts are highlighted in the following.
Hottinen et al. [7] studied mass and charge transfer under inho-
mogeneous compression. Experimentally evaluated GDL proper-
ties such as porosity, permeability, and contact resistance were
correlated to the GDL thickness. Based on these properties it was
found via a single-phase, two-dimensional model that inhomoge-
neous compression significantly effects lifetime and local per-
formance. Later, Nitta et al. [8] carried out a new study on
inhomogeneous compression based on the same material data as
[7]. This time, a more advanced transport model was used in addi-
tion to a new equation for the intrusion, but still neglecting multi-
phase phenomena. They showed that the inhomogeneous
compression caused a lower local current density under the chan-
nel then under the land; in contrast to earlier studies. Furthermore,
it was emphasized that the model did not take phase change and
liquid water transport into account, which could significantly
affect transport phenomena and performance.
A different approach to modeling compression effects on GDL
properties was chosen in Ref. [9]. A finite element model (FEM)
of the GDL was coupled with a two-dimensional, two-phase
model of a PEMFC. The FEM model determined the intrusion,
porosity distribution, and ohmic contact resistance as function of
compression. Based on the porosity, such properties as the perme-
ability and tortuosity were estimated via empirical correlations.
Their results showed that performance decreased with increasing
compression, and that an optimal compression exists if contact re-
sistance is considered.
Based on the literature review it can be concluded that no com-
prehensive three-dimensional, nonisothermal, two-phase flow
model has been used to investigate the effect of inhomogeneous
compression on the cathode water transport. Important phenom-
ena such as liquid water transport and phase change have often
been neglected in the literature. Therefore, including these phe-
nomena can give a more physically sound picture.
The primary objective of this research effort is to develop a
model for studying the effect of intrusion and inhomogeneous
GDL properties on water management.
In this paper a novel inhomogeneous compression model based
on intrusion and strain measurements is coupled with a three-
dimensional, two-phase flow, multicomponent, and nonisothermal
half-cell model of a PEMFC. In order to test the model a simula-
tion case with and another without compression is depicted and
discussed.
2 Model Description
The newly developed three-dimensional, steady-state, multi-
phase flow, multicomponent, and nonisothermal PEMFC model
currently considers the cathode side only. The PEMFC model was
developed in the commercial CFD software ANSYS CFX 13. The
two-phase flow model employed is based on the multifluid
approach, i.e., the model solves for one set of transport equations
for each phase. The multifluid approach uses the notion of inter-
penetrating continua, and hence inherently only captures statisti-
cal macroscopic phenomenon. In the channel two phases are
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assumed present: liquid and gas. In the porous media an additional
solid phase is present. Hence, heat transfer in all three phases is
included in the model.
2.1 Model Geometry. The geometries used in the study are
depicted in Fig. 1. Each mesh comprises approximately 13,000
hexahedral elements. The computational domain consists of a gas
flow channel with attached porous media (GDL, micro porous
layer (MPL), and catalyst layer (CL)). The bipolar plates (BPs)
are currently neglected. The initial thickness of the GDL, MPL,
and CL are 230, 20, and 20 lm, respectively. Furthermore, the
channel width and height along with land width is 1, 0.5, and 1
mm, respectively.
2.2 Assumptions. In order to simplify modeling the follow-
ing assumptions were made:
• Instead of a cooling channel a constant temperature boundary
is specified at the GDL/BP and channel/BP interface.
• It is assumed that no heat or mass is transported through the
membrane.
• The oxygen reduction reaction (ORR) at the cathode is
assumed to produce liquid water.
• A constant overvoltage is assumed in the reaction rate equa-
tion since the PEMFC model does not solve for proton or
electron transport.
• The gas phase consists of nitrogen, oxygen, and water (i.e.,
N2, O2 and H2O(g)). Whereas the liquid phase only comprises
of liquid water (H2O(l)).
• Gases are assumed to be ideal.
• All phases share the same pressure field.
• In the case of inhomogeneous compression it is assumed that
the CL and MPL thickness does not change. A similar
assumption was made in [8].
• The change in thermal contact resistance with compression is
not accounted for.
2.3 Governing Equations. The complete set of conservation
equation, which are solved for each fluid phase in order to obtain
the flow field, component concentration, and temperature, are
depicted in Eqs. (1)–(4).
Continuity equation:
r  esaqaUa ¼ esaSa þ ð _mab  _mbaÞ (1)
where a denotes the phase, and _mab and _mba are the directionally
dependent interfacial mass flows.
Momentum equation:
resaðqaUaUarsÞ¼ esaðSarpaÞþeMaþð _mabUb _mbaUaÞ
(2)
where s is the stress tensor and Ma are the interfacial forces acting
on phase a due to the presence of other phases.
Energy equation:




þ ð _mabHb  _mbaHaÞ (3)
where H is the static enthalpy and NC is the number of species.
The energy equation is simplified by neglecting kinetic energy.
This simplification is justified because the flow in microporous
channels involve low flow speeds.
Species equation:
r  esaðqaUaYAa  qaDAarYAaÞ ¼ esaSa þ ð _mabYAb  _mbaYAaÞ
(4)
where YAa denotes mass fraction of component A in phase a.
2.4 Source Terms. In order to model the reaction rate/cur-
rent density resulting from the electrochemical reaction at the
cathode, the Butler-Volmer equation is used [10]:























where n¼RT/H0 is a uptake coefficient, based on Henry’s law
[11], accounting for the difference in the oxygen concentration in
the gas and ionomer phase. Moreover, the exchange current den-
sity is corrected for its temperature dependence and active sites
being blocked.
The electrochemical reactions in the CL introduce sink and
source terms in the continuity equation. Since water is produced it
is a mass source and because oxygen is consumed it is a mass
sink. Each term depends on the current density drawn from the
PEMFC and the number of electrons involved in the consumption








Fig. 1 Computational domain with and without compression
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In a porous medium the momentum source term can be formu-
lated in terms of a constant, linear, and quadratic resistance, also
known as the generalized Darcy’s law or Darcy-Forchheimer
equation. By replacing the liquid pressure gradient in the momen-
tum equation by the sum of the gas and capillary pressure gradi-
ent, the constant term appears in the liquid phase. Effectively, the
capillary pressure gradient imposes a liquid bulk movement in the








 Ug rpg (8)






b Ulj jUl rpg (9)
In general the relative permeability depends on pore structure,
wettability, capillary forces, and saturation history [12], however
it is normally modeled as being dependent only upon liquid phase
saturation:
krel;g ¼ ð1 sÞq _ krel;l ¼ sq (10)
In the literature different values of q have been employed. How-
ever, a general consensus has been established on a cubic depend-
ence; thus implying a strong interaction with local saturation
[2,4,13,14]. This assumption was further experimentally verified
by Nam and Kaviany [15].
Water vapor condenses either on a pre-existing liquid layer or
on a hydrophilic surface [15]. In the channel, the wall surface is
typically hydrophobic; hence water only condenses on pre-
existing water droplets. By contrast, inside porous media, a frac-
tion of the surface is hydrophilic, and hence can accommodate
water droplets. In contrary to condensation, evaporation can only
occur from an pre-existing liquid surface area. In order to model
the phase change rate one needs to determine the specific liquid-gas
interfacial area of mass transfer Alg. In a free stream it is a common
simplification is to assume that the liquid phase exist as spherical
droplets of fixed and equal size. However, inside porous media it is
reasonable to assume that the specific interfacial area depends on
the pore surface area [15]. Furthermore, since water only evapo-
rates from a pre-existing liquid surface and condensation depends
on the volume fraction of gas, the following type correction is used
to distinguish between condensation and evaporation:
Alg ¼
e ð1 sÞCsApore pH2O > psat
e sCsApore pH2O < psat

(11)
where Apore is specific pore surface area, and Cs is the surface
accommodation coefficient. The phase change rate is expressed as
the relative deviation from the thermodynamic equilibrium pres-
sure at the interface, equivalent to a mass transfer limitation
[12,16]:
_mab ¼ kxmAlgMWH2O
pH2O  pH2O ;satðTÞ
RT
(12)
where kxm is the convective mass transfer coefficient (m s
 1).
Alternatively a thermodynamic phase equilibrium is often
assumed at the interface [17]. Such an approach assumes a high
convective mass transfer coefficient, as shown by [18].
In porous media, the phase change rate can be calculated based
on kinetic theory and the assumption of ideal gas behavior. How-
ever, the diffusion process needs to be corrected due to the pres-
ence of other species by accounting for intermolecular collisions.
Furthermore, the ability of the droplet to absorb water molecules
needs to be accounted for [15]:






where Cu is the uptake coefficient, which accounts for the pres-
ence of noncondensable species at the gas-liquid interface, and am
is the mass accommodation coefficient (–).
Due to the electrochemical reaction, reversible and irreversible
heat is generated. It has been experimentally determined that the
heat produced due to entropy generation is inherently found at the
cathode only. Furthermore, due to evaporation/condensation latent
heat is either removed or added. Based on these two mechanisms






jO2 þ _mabhlg (14)
2.5 Properties. The saturation pressure has a strong nonlin-
ear dependence on temperature. To improve numerical robustness
a curve fit of this equation is implemented [4]:
psatðTÞ ¼ 0:239T3  220T2 þ 6:81 104T  7:06 106 (15)
which is valid for T 2 313; 373ð Þ½  K. Furthermore, the saturation
pressure equilibrium inside the porous medium is corrected for
capillary condensation by the Kelvin equation [20]:







It is convenient to describe the capillary pressure in terms of the
Leverett’s function, hereby making it a function of fluid proper-
ties, geometry, and water saturation. This approach was first pro-
posed in [21] and since utilized by several groups
[1,2,4,14,15,22]:






JðsÞ ¼ 1:417ð1 SÞ  2:12ð1 SÞ
2 þ 1:263ð1 SÞ3 h < 90
1:417S 2:12S2 þ 1:263S3 h > 90

where r denotes surface tension, h is the contact angle, e is the po-
rosity, K is the effective permeability, S is the effective volume
fraction, and J(S) is the Leverett function. It should be noted that
the validity of the Leverett J function is highly discussed as
pointed out in [5] among others. This discussion was further sub-
stantiated in [11]. In their paper they compared different capillary
pressure models and showed that liquid water distribution is
highly dependent upon the model used.
The effective saturation is a function used to account for the ir-
reducible saturation content of a porous medium, and it is a func-
tion of total saturation and irreducible saturation [15]:
S ¼ s sirr
1 sirr
(18)
where s is liquid water saturation and sirr is the irreducible satura-
tion. This approach is widely adopted and has been utilized by
[4,14,15] among others.
Kinematic diffusivity is a mechanism of transport essentially
caused by molecular collisions facilitating movement of species
in the direction of decreasing concentration. The diffusivity of a
certain species in a mixture of several species can be estimated
using [23]







where DAa is the diffusion coefficient of component A in phase a.
Furthermore, kinematic diffusivity is temperature and pressure
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dependent. This is typically accounted for by the following equa-
tion [3]:








In the porous layers, such properties as tortuosity, porosity, and




ð1 sÞpDAaðT; pÞ (21)
where s denotes tortuosity and s is the liquid phase saturation.
Equation (21) utilizes that Eq. (4) already accounts for porosity
and further accounts for a higher dependence on liquid water satu-
ration. The exponent p was determined experimentally to be unity,
in order to end up with an overall second order dependence on
water saturation in Eq. (4) [15]. In essence the saturation term
accounts for the decrease in the diffusion area due to liquid water.
Inside the CL diffusion is no longer controlled merely by mo-
lecular collisions. The pore diameter in the CL is so small that it
can be less than the molecular mean free path of the gas particles.
In this range particle-wall collisions become important and need
to be accounted for. [3,24] This phenomenon is called Knudsen
diffusion and can be estimated via the dimensionless Knudsen
number, which is the ratio between molecular mean free path and
the characteristic pore diameter. The Knudsen transition scheme
is defined as the range 0.01<Kn< 1. Knudsen diffusivity can be









The combined diffusivity due to particle-particle and particle-wall







2.6 Inhomogeneous Properties. In order to model and
investigate the effect of inhomogeneous GDL material properties,
information is needed on the dependence of such properties as po-
rosity, tortuosity and permeability, on applied clamping pressure,
and position. In essence these properties can all be correlated to
the volume/thickness change of the GDL [8,25]. Moreover, the
change in thickness can be estimated as a function of strain and
channel intrusion. When a pressure is applied to the under-the-
land area, the encountered stress is distributed over both the chan-
nel area and under-the-land area. Hence the calculated force
should be corrected for the effective compression area. This can
be done by introducing an average strain in the through-plane









If Eq. (24) is rewritten in terms of the maximum intrusion, the fol-

























It is important to note that the true intrusion shape depends on the
structural properties of the GDL. Therefore, for simplification a para-
bolic dependence is assumed. In the literature quite different depend-
encies have been reported. A logarithmic dependence was reported
by [7] and a third-order polynomial relation by [8]. A compression
normalized comparison with [7,8] showed good agreement.
It should be noted that this model does not take the through-
plane porosity variation fully into account. As was shown by [26]
the porosity of a typical GDL decreases towards the GDL core,
with different shapes depending on the GDL.
2.6.1 Strain and Intrusion. In the paper by Lai et al. [27] the
authors measured the intrusion into a 1 mm wide channel and
compressive strain in the through-plane direction of a carbon pa-
per based GDL, and compared their results to a finite element
model. It was underlined that the lower the shear and bending
stiffness the higher the intrusion. The following equations where
fitted to these measurements of the strain and intrusion as function
of compression, respectively:
es ¼ 4:979 103pþ 3:522 103p2 þ 1:169 101p
1
2 (27)
tint ¼ 1:352 105p 1:008 106p2 þ 2:942 105p
1
2 (28)
where p is the compression pressure in MPa and tint is the intru-
sion in meters.
2.6.2 Porosity. When assuming that deformation due to com-
pression can only occur in the through-plane direction since
movement in the in-plane direction is obstructed, and further
assuming that the change in porosity only occurs due to a reduc-
tion in pore volume, the porosity becomes a function of thickness
change:
e ¼ 1 t0
tðxÞð1 e0Þ (29)
A similar approach of relating the thickness change to a porosity
change was taken in [7,8,25]. A qualitative comparison between
our modeled compression dependent porosity and the one meas-
ured as a function of compression by [28] revealed similar
dependence.
2.6.3 Tortuosity and Permeability. The tortuosity and viscous
permeability of a fibrous porous medium can be estimated via the
following empirical correlations as a function of porosity [29]:







ð1 epÞa ðaþ 1Þe ep
 2 (31)
where ep is the percolation threshold porosity, which for two-
dimensional fibrous structures is 0.11, rf is the carbon fiber radius
and a is a directional dependent parameter, which in the through-
plane and in-plane direction is 0.521 and 0.785, respectively.
Equations (30) and (31) were originally fitted to the resulting dif-
fusivity and permeability of Monte Carlo simulations of modeled
randomly oriented fibrous porous media. Similarly to Ref. [25] it
is assumed that the percolation threshold and the other structural
constants do not change with compression.
Furthermore, based on the tortuosity and viscous permeability
the inertial permeability can be estimated using the following
equation [30]:
b ¼ 2:88 106 s
eK
(32)
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2.7 Boundary and Initial Conditions. The PEMFC model
uses mass flow inlet and pressure outlet. The inlet liquid phase sat-
uration is zero and the inlet temperature is 314 K. The inlet mass













At the boundary facing the middle of the channel and facing the
middle of the bipolar plate symmetry planes are specified. At the
remaining boundaries a wall boundary with a no-slip condition is
specified.
3 Results
In this section the specified material properties, overall solver
settings, and simulation results are shown. The specified material
properties are shown in Table 1. The solution was obtained by
running the CFX 13 solver with a higher order advection scheme
and a coupled velocity, pressure, and volume fraction solver. Fur-
thermore, in order to obtain convergence a false time step relaxa-
tion and source term linearization strategy was used.
Under the assumption that the PEMFC is compressed by 3.0
MPa a new GDL thickness under the land of 131.8 lm is
obtained. This compression corresponds to a thickness reduction
of 100 lm. To ensure that the liquid phase reaches the GDL-
channel interface, and does not become evaporated before reach-
ing the interface, a relative low cooling temperature of 313 K is
specified. Furthermore, at the specified overvoltage loss of 0.72 V,
the PEMFCs produced the tabulated values in Table 2. These load
conditions lead to the liquid water volume fraction, oxygen molar
fraction, and phase change rate distribution shown in Figs. 2–4,
respectively.
4 Discussion
From the simulation results shown in Table 2, it can be deduced
that inhomogeneous compression decreases the reaction rate in
the CL of the cathode. The performance of the PEMFC decreased
by 3%. Since both simulation cases are operated under the same
prescribed conditions, the decrease in reaction rate must be caused
by the inhomogeneous compression of the GDL.
Inherently, oxygen transport decreases when the porosity and
permeability decreases, and tortuosity increases. Consequently, a
decrease in oxygen concentration in the CL is observed when
Table 1 Model properties
Parameter Symbol Expression
Latent heat of evaporation/condensation (J/mol) hlg 57,555.684 45.36T
Henry’s constant (Pa/m3 mol) H0 2.0 104
Entropy change (J/mol K) Ds 149.14
Catalyst activation energy (kJ/mol) Eact,cat 66.0
Air stoichiometry kO2 10
Inlet RH (%) RH 75
Porosity (CL, MPL and GDL) (–) e 0.12, 0.4, 0.75
Permeability (CL) (m2)  2.5 10 15
GDL conductivity (W/m K) k 1.3
Compression (MPa) pcomp 3.0
Thickness (CL, MPL, and GDL) (mm) t 348, 20, 20
Uptake coefficient (–) Cu 0.06
Surface accommodation coefficient (–) Cs 0.01
Specific surface area (1/m) a 1.0 106
Contact angle of CL, GDL, and MPL (deg) h 110
Irreducible saturation sirr 0.01
Inlet nitrogen conc. CN2 ;in 0.79 (PRHpsat) / RT
Inlet oxygen conc. CO2 ;in 0.21 (PRHpsat) / RT
Inlet water vapor conc. CCH2O ;in RHpsat/RT
Table 2 Selected simulation results
Parameter Homogeneous Inhomogeneous
Avg. porosity in GDL (–) 0.75 0.67
Avg. current density (A/cm2) 0.761 0.738
Fig. 2 Liquid volume fraction/saturation distribution without and with compression
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comparing the distributions in Fig. 3. Moreover, the oxygen trans-
port is further obstructed by an increase in the liquid water volume
fraction in the GDL under the land, as seen when comparing the
distributions in Fig. 2. However, this increase in liquid volume
fraction is small, and hence has a minor impact.
In both cases the lowest oxygen concentration is found under
the land. Equivalently, the lowest current density is found here.
This observation is in contradistinction to the one made by Nitta
et al. [8]. Their study showed that the highest current density is
seen under the land. One reason for this observed difference might
be the importance of accounting for two-phase flow and nonequi-
librium phase change.
In Fig. 4 two distinct phase change fronts are visible. Evapora-
tion at the CL and condensation under-the-land area. Interestingly,
the largest evaporation rate is found mid under the channel in the
CL. Hence, not accounting for evaporation could lead to a much
higher liquid phase volume fraction prediction and hence a much
higher active site blocking. Furthermore, the predicted condensa-
tion rate is highest under-the-land area near the bipolar plate due
to cooling. Again, not accounting for condensation would under-
predict the liquid phase volume fraction and pore blocking in the
GDL under-the-land area.
When further analyzing the liquid volume fraction distribution,
two clear saturation jumps are observed in both cases at the MPL-
CL and GDL-MPL interface. This jump phenomenon occurs since
the capillary pressure has to be continuous. In order to satisfy this
pressure condition a jump condition has to arise in the liquid vol-
ume fraction profile, when a change in material properties occurs.
From the channel-GDL interface towards the GDL-MPL interface
an increase in liquid volume fraction is observed under the chan-
nel. Whereas it is fairly constant under the land. However, from
the GDL-MPL interface toward MPL-CL interface an increase in
liquid volume fraction is seen under both the channel and land.
Furthermore, in the case of inhomogeneous compression the larg-
est liquid volume fraction is found in the CL under the channel, as
opposed to the case without compression, where an even distribu-
tion is seen. As the GDL becomes more and more compressed, the
oxygen transport rate decrease under-the-land area. Consequently,
the liquid water production and liquid volume fraction decreases
in CL under-the-land area. However, the liquid volume fraction is
not only dependent on the production rate, but also the transport
rate, which in turn is dependent on the capillary pressure gradient,
Darcy resistance, phase change kinetics, and operation conditions.
Comparing the liquid saturation profile in the case without com-
pression with the modeling study by Basu et al. [17] reveals that
our model predicts a higher liquid saturation in the CL under the
channel. This difference is partly influenced by fact that our model
does not account for water transport through the membrane. More-
over, there is a clear difference in the capillary pressure distribution
and phase change kinetics. The model by Basu et al. [17] does not
account for a MPL nor does it appear to be able to account for the
liquid saturation jump condition between the individual layers.
Hence, it may overpredict the liquid water transport rate under the
channel, by not properly accounting for the liquid water hold up. It
can be shown, by increasing the permeability of the CL and MPL,
that the liquid volume fraction profile can be altered such that less
water is observed under the channel than under the land in CL. Fur-
thermore, their model assumes thermodynamic phase equilibrium
and hence inherently assumes very fast phase change kinetics. Con-
sequently, by similarly increasing our models phase change coeffi-
cient more liquid would become evaporated under the channel in
the CL layer, lowering the liquid volume fraction.
In future work it would be beneficial to do a detailed verifica-
tion of the porosity, permeability, and tortousity distributions as a
function of clamping pressure. Such verification could be done by
comparing with measurements found in the literature [7,28].
Alternatively, a FEM study of the GDL intrusion and porosity dis-
tribution as a function of clamping pressure could be done, simi-
larly as in [9].
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Nomenclature
A ¼ area (m2)
a ¼ specific area (m2/m3)
C ¼ molar fraction (–)
D ¼ diffusivity (m2/s)
Fig. 3 Oxygen molar fraction distribution without and with compression
Fig. 4 Phase change rate without compression
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F ¼ Faradays constant (C/mol)
K ¼ viscous permeability (m2)
H ¼ static enthalpy (J)
h ¼ specific enthalpy (J/kg)
l ¼ length (m)
_m ¼ mass flow (kg/s)
P ¼ pressure (Pa)
p ¼ partial pressure (Pa)
S ¼ source term
T ¼ temperature (K)
t ¼ thickness (m)
U ¼ velocity vector (m/s)
w ¼ width (m)
X ¼ mole fraction
Y ¼ mass fraction
b ¼ inertial permeability (1/m)
e ¼ porosity or strain (m/m)
q ¼ density (kg/m3)
s ¼ tortousity




g ¼ gas phase
irr ¼ irreducible
l ¼ liquid phase
s ¼ strain
ul ¼ under land
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